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Abstract—A microchip optical switching based on a 
directional fiber coupler has been successfully fabricated 
by using silicon-on-insulator with two steps of 
photolithography and dry etching methods. Each 
waveguide has 1.75 µm width, 2 µm high and the distance 
between the waveguides at the coupling region was 2 µm. 
Metal aluminum layer with 4 µm width was attached at 
the coupling region due to switch the optical signal from a 
waveguide to another. The coupled mode theory was 
determined to model the coupling power at the coupling 
region. Experimental results have shown a good agreement 
of switching power at the coupling as function of 
increment of direct current voltage. It has been obtained 
that to switch the signal described by the switching region 
that occurs for the applied DC voltage in range of 18 volt 
to 32 volt. Certainly, an adjustable optical switching 
driven by low direct current voltage promises wide range 
of its application in optical network and sensor 
application. 
Keywords—Optical Switching; waveguide; coupling 
region; optical power 
I.  INTRODUCTION  
The use of optical passive device in communication system 
has been greatly developed. It is constructed by optical 
devices integrated in various circuits. The complicated system 
consists of many signals which need to be transmitted, split, 
combined and switched. Optical switch plays important key as 
a passive device due to ability to switch signal from one line 
to the desired line or output ports.  
A conventional optical switch can be designed by inducing 
a certain direct current voltage to the coupling area of 
directional fiber coupler. As the applied voltage disturb the 
permeability and the geometrical structure of fused silica fiber, 
the coupling coefficient can be controlled by adjusting the 
different voltage across the coupling region [2]. Since this 
method uses two electrode plates as a switching control, it is 
not too easy to set it at coupling region of fiber coupler. The 
discharge will not only occur through the fiber coupler cross 
section, but also in the air. Of course, to switch power from 
one fiber to others is required higher voltage and the crystal 
structure of fiber is possible to be broken. 
In 2008, the optical switches have been designed using 
optical waveguides based on rectangular, triangular and 
trapezoidal waveguide [3]. It was shown that trapezoidal 
grating performs better for any refractive indices different 
when compared with rectangular and triangular waveguide. It 
is also been analyzed that the rectangular and triangular 
gratings have gradual increase in switching time along the 
distance of separation between the waveguides [4]. In recent 
years, the trapezoidal grating is quiet difficult to be fabricated 
becomes optical switch due to its geometry.  
An optical switch with 4 cm long was also fabricated based 
on directional fiber coupler using organic crystal [5]. The 
switch was designed to employ an organic electro-optic crystal 
as the cladding layer of the device. This paper describes the 
design of a microchip optical switch having four waveguides 
based on planar waveguide. Since the performance of optical 
switch demonstrated by faster switching time, smaller size and 
lower switching voltage, it is still important field to be studied. 
 
 
1. Coupled-Mode Theory and Pockel’s Effects 
The transfer power between two waveguides was clearly 
studied based on Coupled-Mode Theory (CMT) method [7]. 
Any identical waveguides are electromagnetically separated 
will transfer its power due to coupling coefficient between 
them. By assuming the interaction of electromagnetic wave 
occurs only between the nearest waveguide, the propagation of 
light affected by the nearest coupling coefficient can be 
written in term of differential equation given by equation 1. 
The coupling coefficient is function of refractive indices, 
normalized frequency, separation between waveguides and 
wavelength operation [8]. 
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A coupling mode equation of a planar waveguide 
based on directional coupler with 2 identical waveguides can 
be written as Equation 2.  
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Where (0)P and ( )P z are input and output power 
respectively. The solution of Equation 2 can be solved by 
using Transfer Matrix Method (TMM). By assuming 
propagation constant of 4 waveguides, β  is constant, the 
transfer power between them can be written in a set of transfer 
matrix given by Equation 3. 
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Where the coupling coefficient between the waveguides is [9], 
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Where a  is the core radius, d  is separation of fiber axis, 
0 1,  and K K are the zeroth and first order of Hankel’s function, 
( )1 22 21 22 /V a n nπ λ = −    is the normalized frequency, U and 
W are normalized lateral phase constant and normalized 
attenuation constant respectively. 
 
When the electromagnetic field, E is perpendicularly 
applied across the coupling region and by using the suitable 
electrodes, the geometrical structure of the fiber will be 
changed and lead to induce the refractive index profile of the 
waveguides as described by the electro-optic effect. This 
phenomenon also significantly depends on the distance 
between the electrodes used and on its relative position among 
the coupling region. This effect has defined as the Pockel’s 
effect which describes that the exchange of refractive index 
induces the fiber linearly with the electric field.  Other effect 
also take places which was known as Kerr effect that is 
referred to the exchange of fiber refractive index 
proportionally with the square of applied eclectic field. 
 
However, fiber birefringence also affected by the  Pockel 
effect. Electro-optic effect is a change in the optical properties 
of a material in response to an electric field that varies slowly 
as compared with the frequency of light. The term includes the 
refractive index change which is linearly proportional to the 
electric field (Chakraborty et al., 2003). The change of 
refractive index due to the applied voltage, V by considering 
linear electro-optic known as Pockel effect (Chakraborty, 
2003), 
 
∆݊ሺݔ, ݕ, ܸሻ = − ௡యଶ ݎܧሺݔ, ݕሻ                                       (5) 
 
where n is the refractive index, r is the electro-optic 
coefficient and E(x,y) is the electric field associated with the 
applied voltage on the electrode. 
 
Voltage is applied to the electrodes in order to drive the 
device switching the light. The presence of electric field will 
change the refractive index of the substrate. The difference 
between the refractive index of the core, n1 and the cladding, 
n2 can be written as 
 
             ∆݊ = ݊ଵ − ݊ଶ                                           (6) 
where the fractional refractive index change, δcan be defined 
as, 
 
݊ଶ = ݊ଵ√1 − ߜ                             (7) 
 
By considering that term n for refractive index of core and 
cladding change is comparable with those after applying 
voltage. Taking the refractive index of cladding as a function, 
n2 and then substitute it into the refractive index difference 
equation leads to 
∆݊ = ݊ଵ൫2 − 2√1 − ߜ − ߜ൯
భ
మ                  (8) 
 
 
Equating Equations (8.30) and (8.31) leads to 
 
݊ଵ ቀ2 − 2ඥሺ1 − ߜሻ − ߜቁ
భ
మ = − ௡యଶ ݎܧሺݔ, ݕሻ        (9) 
 
Rearranging Equation (8.32), gives 
 
ቀ1 − √1 − ߜ − ఋଶቁ =
௡ర
଼ ݎଶܧଶሺݔ, ݕሻ              (10) 
 
This equation describes that the changes of δis very small as 
compared to the changes of n and r. 
 
Electric field strength, E(x,y) is linearly proportional to the 
applied voltage, V. This can be obtainedby dividing the 
difference in adjacent voltages by the distance between the 
electrodes, ݔ. 
  
ܧ = ௏௫                                (11) 
 
Substituting the Pockel effect and the empirical equation of 
coupling coefficient, the voltage applied to the electrodes of 
the optical coupler can be written as, 
 
ௗܸ௖ = ቈ݊ଵ൫2 − 2√1 − ߜ − ߜ൯
భ
మ቉ ቂ ଶ௫௥௡భయቃ         (12) 
 
Equation (12) shows that E(x,y) is affected by the function of 
n1,δ, and r. 
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The power P1 at the output of fiber 2 is assumed to be 
conserved. Then the expression can be described as (Saktioto 
et al.,2008). 
 
ଶܲ = ௢ܲݏ݅݊ଶሺߢݖሻ                             (13) 
 
with 
 
ଵܲ = ௢ܲ − ଶܲ = ௢ܲሾ1 − ݏ݅݊ଶሺߢݖሻሿ = ௢ܲܿ݋ݏଶሺߢݖሻ        (14) 
 
In which P0 is the input power launched into fiber 1 and κ is 
the coupling coefficient relating to the interface between the 
propagating fields in the two fibers. The coupling ratio can 
also be mean written as CR=P2/P0=sin2(κ z). Thus, κ = [(sin-
1)2 CR]/z. 
 
The refractive indices are functions of the electrical field 
applied on some crystal materials. 
Since the electric field across the waveguide axis is 
function of different voltage and separation between its 
electrodes or
VE
x
= , effect of applied voltage at coupling 
region on the refractive index can be written as follow, 
 
 33
3 3 or 
22
d dV n
rLVn rL
λ λ
= =  (15) 
 
where 0L is the coupling length at wavelength λ , d is 
separation between the waveguides, and r is a Pockel’s 
coefficient. It is clear the coupling coefficient as function of 
refractive index can be controlled by inducing dc voltage 
across the waveguides. However, the coupling efficiency can 
be improved by design the optical switch on a planar 
waveguide using appropriate waveguide properties such as 
waveguide size, the distance between the waveguides axis, 
and wavelength operation.  
 
II. FABRICATION OF A MICROCHIP OPTICAL SWITCHING 
A planar silicon waveguide is fabricated on the silicon-on-
insulator with two steps of photolithography and dry etching. 
Figure 1 shows the micro strip designed optical switch with 
dimension 25 µm long. The waveguides are designed as 
rectangular 2X2 directional fiber coupler. Each waveguide has 
1.75 µm width, 2 µm high and the distance between each 
waveguides is 2 µm. The switching control is designed by 
using metal aluminum layer with 4 µm width. 
 
 
 
 
 
 
 
 
 
 
 
(a) 
 
 
 
 
 
 
 
(b) 
 
Figure 1. Fabrication results, a) Microchip MZI, b) Slab 
waveguide-SMF Connector  
 
Optical networking system uses generally Single Mode 
Fiber (SMF) as a connection between devices. The refractive 
indices of core and cladding are 1.4494 and 1.445 respectively 
and having core’s diameter 8.2 µm. Since all ports of planar 
optical waveguides are rectangular, an adhesive coupling 
between rectangular ports and spherical ports is required as 
shown by Figure 2. The thickness of the coupling is 6 µm as 
recommended by reference [6]. In this paper, the use of 
adhesive coupling is not taken to be detail study, but just only 
used to interconnect all ports of planar waveguide and fiber 
optics to make measurement and characterization. 
 
III. AN EXPERIMENTAL SET UP FOR TESTING AND 
MEASUREMENT OF OPTICAL PROPERTIES  
The measurement of optical properties of  the fabricated 
microchip optical switching has been carried out by launching 
the laser diode in wavelength of 1310 nm into one of the input 
port of microchip through the single mode fiber. The output 
ports were connected to the single mode fiber then both 
signals enter to two fiber couplers (FC). The fiber coupler 
divided that signal with coupling ratio of 90% entered the 
OSA and another 10% entered to the OPM. A Direct-Current 
Power amplifier was connected to the electrondes due to 
induce the coupling region. The DC power supply was set up 
in low current about 1000mA and increasing the voltage from 
0 to a certain voltage until the desired signals at both output 
ports are obtained.  
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IV. RESULTS AND CONCLUSION 
Microchip optical switching has been succesfully fabricated 
based on silicon on insulator (SoI) Waveguide with two steps 
of photolithography and dry etching. The characteristics of 
power outputs ha been measured by an experimental set up 
shown by Figure 2. We choosed one of our sample which has 
coupling caracteristics of 90:10. This indicates that by 
inserting 1 mW laser diode produces 0.9 mW at the output 
port 1 (P1) and 0.1 mW at the output port 2 (p2). At this 
condition, the optical switching acts as the directional fiber 
coupler. The switching process have been done by applying 
the direct current (DC) voltage to the coupling region. Firstly, 
the DC voltage was set to be 0 voltage then it was inreased 
gradually untill the optical signal inside fiber 1 switched in to 
another fiber. Experimental results shows that  switching 
process occurs in reange of applied DC voltage from 18 volt to 
32 volt that (swithing voltage) as given by Figure 3.  
A novel properties of designed optical switching explains 
that the directional fiber coupler not only can be used to split 
or to combine the optical signals in a fix coupling ratio, but the 
coupling ratio is also adjustable. The device becomes an 
optical switching with switching ratio controlable due to 
applied DC voltage at the coupling region.  
The switching occured in the switching region is 
fundamentally caused by the refractive index changes as 
function of the DC voltage as given by Equation (8.2). This 
significant change of the refractive index was due to 
geometrical change by perpendicularly electric field effect. 
The coupling coefficient then increases and finally switching 
the signal from fiber 1 in to fiber 2.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Power switching process due to applied DC voltage 
The different voltage required to change the coupling 
ratio is significantly affected by the separation distance 
between the electrodes as shown in Figure 4. It shows that 
three typical distances of x = 40 µm, x = 45 µm, and x = 50 
µm yield different voltage. If the distance between the 
electrodes is increased, the dc voltage needed to change the 
coupling ratio is also increased as given by Equation (15). The 
dc voltage required to control the coupling coefficient that 
leads to change the coupling ratio is also significantly affected 
by the separation between fiber axes. It is exponentially 
increased with increasing the separation distance between 
fibers. Since the coupling coefficient is a function of 
separation between fiber axes, it shows that high coupling 
coefficient, requires higher dc voltage than small coupling 
coefficient by factor 23≈ volt at d = 5 µm.  
 
FC 1
FC 2
Laser Source 
1310 nm 
DC Power 
 +   - 0-220 V0-5A
OPM OPM 
OSA Microchip 
Optical Switching
OPM: Optical Power Meter 
FC: Fiber Coupler 
OSA: Optical Spectrum Analyzer 
Figure 2. An experimental set up to test the MZI 
Switching Region 
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Figure 4. DC voltage as a function of the distance between 
electrodes and seperation between fibers 
 
V. CONCLUSION 
From the theoretical calculation, fabrication and 
measurement can be summarized that the switching can be 
controlled by adjusting the direct current voltage 
perpendicular to the coupling region. It can be seen the 
switching region was occurred in range of applied voltage 
from 18 volt to 32 volt. Furthermore, the switching time was 
affected by the distance between two electrodes. It indicated 
the shorter distance between them, the faster switching process 
occurred.  
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